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Diffusely adhering Escherichia coli (DAEC) strains expressing F1845 fimbrial adhesin or Dr hemagglutinin
belonging to the Afa/Dr family of adhesins infect cultured polarized human intestinal cells through recognition
of the brush border-associated decay-accelerating factor (DAF; CD55) as a receptor. The wild-type Afa/Dr
DAEC strain C1845 has been shown to induce brush border lesions by an adhesin-dependent mechanism
triggering apical F-actin rearrangements. In the present study, we undertook to further characterize cell
injuries following the interaction of wild-type Afa/Dr DAEC strains C1845 and IH11128 expressing fimbrial
F1845 adhesin and Dr hemagglutinin, respectively, with polarized, fully differentiated Caco-2/TC7 cells. In both
cases, bacterium-cell interaction was followed by rearrangement of the major brush border-associated cyto-
skeletal proteins F-actin, villin, and fimbrin, proteins which play a pivotal role in brush border assembly. In
contrast, distribution of G-actin, actin-depolymerizing factor, and tubulin was not modified. Using draE
mutants, we found that a mutant in which cysteine replaces aspartic acid at position 54 conserved binding
capacity but failed to induce F-actin disassembly. Accompanying the cytoskeleton injuries, we found that the
distribution of brush border-associated functional proteins sucrase-isomaltase (SI), dipeptidylpeptidase IV
(DPPIV), glucose transporter SGLT1, and fructose transporter GLUT5 was dramatically altered. In parallel,
SI and DPPIV enzyme activity decreased.

Diffusely adhering Escherichia coli (DAEC) strains are con-
sidered a heterogeneous group. It has been well established
that some Afa/Dr DAEC expressing related adhesins adhere to
host cells and cause symptomatic urinary tract and intestinal
infections. Afa/Dr DAEC harboring the afimbrial adhesin I
(AfaE-I) (34) and adhesin III (AfaE-III) (18, 35), the Dr
hemagglutinin (51), and the adhesin DR-II (58) have been
associated with 30% of cases of pyelonephritis in pregnant
women. Afa/Dr DAEC strain C1845 harboring the fimbrial
F1845 adhesin has been isolated from an infant with diarrhea
(4). These virulent E. coli strains express a family of gene
operons, including afa (19, 20, 30, 34, 35), dra (66), and daa (3,
4, 38). Moreover, a common system of adhesion involving the
decay-accelerating-factor (DAF; CD55) as a receptor has been
identified for Afa/Dr DAEC (48, 50).

Yamamoto et al. (67) were first to report that adherence of
DAEC induced elongated cellular projections in epithelial
HeLa cells. Cookson and Nataro (10) observed that attach-
ment of Afa/Dr DAEC onto epithelial Hep-2 cells is followed
by induction of a long thin membrane extending from the cell
surface. Moreover, Afa/Dr DAEC-induced cytoskeletal rear-
rangements in HeLa cells have been recently reported by
Goluszko et al. (23). We have previously shown that Afa/Dr
DAEC strains infect polarized human intestinal Caco-2 cells
expressing a well-characterized brush border endowed with

CD55 and forming a monolayer mimicking an epithelial bar-
rier (32). When investigating the mechanism of pathogenicity
of the diarrheagenic Afa/Dr DAEC strain C1845 in Caco-2
cells, we reported that the first event in cell infection is adhesin
binding to the apical surface of polarized cells resulting from
recognition of the brush border-associated CD55 (2, 33). Bac-
terial attachment is followed by microvillar injury, character-
ized by elongation and nucleation of the microvilli (MV) ac-
companied by cytoskeletal F-actin disassembly (2). Moreover,
we have recently demonstrated that Afa/Dr DAEC induced
hijacking of CD55-associated signal transduction, promoting
cytoskeletal F-actin disassembly through a Ca21-dependent
mechanism in unpolarized embryonic intestinal INT407 cells
(54).

We decided to examine in a more detailed fashion how
Afa/Dr DAEC strains C1845 and IH11128 promoted damage
in polarized cells expressing a brush border and forming a
monolayer mimicking an epithelial barrier. Polarity of epithe-
lial cells results in the existence of three domains in the plasma
membrane: the apical surface facing the lumen, the lateral
surface facing the adjacent cells, and the basal surface under-
lying the connective tissue. In epithelial intestinal cells, the
cytoskeleton is essential for establishment and maintenance of
the structural and functional polarized organization of the cells
(for reviews, see references 16 and 39). The brush border is
composed of a dense lawn of uniform MV, for which the
ultrastructure and biochemical composition have been exten-
sively investigated (for a review, see reference 28; also see
references 55–57). Distribution of cytoskeletal proteins playing
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a pivotal role in brush border assembly was examined. We
focused our study on predominant components of microvillar
cores, actin, and two actin-binding proteins, villin and fimbrin.
In parallel, we examined whether injuries in brush border-
associated functional proteins develop in Afa/Dr DAEC-in-
fected cells. We focused our study on four proteins: two hy-
drolases, the sucrase-isomaltase (SI; EC 3.2.1.10 and EC
3.2.1.48) and dipeptidylpeptidase IV (DPPIV; EC 3.4.14.5),
and two carbohydrate transporters, SGLT1 and GLUT5. SI is
an a-glucosidase which hydrolyzes maltose, sucrose, and mal-
totriose. DPPIV is a widely distributed type II membrane gly-
coprotein which is essential for the intestinal transport of pro-
line-containing peptides. The glucose transporter SGLT1 and
the fructose transporter GLUT5 account for the energy-de-
pendent uptake of D-glucose/galactose (concomitant with Na1

ions) and fructose, respectively.

MATERIALS AND METHODS

Reagents. 4-Amino-antipyrine-1,4-diazabicyclo-(2,2,2) octane (DABCO), glu-
cose oxidase type V, peroxidase type II, Gly-Pro p-nitroanilide, L-Ala p-nitroani-
lide, BAPTA/AM (1,2-bis[2-amino-phenoxy]ethane-N,N,N9,N9-tetraacetic acid
tetrakis [acetoxymethyl] ester), dantrolene (1-[(5-[p-nitrophenyl]furfurylidene)-
amino]hydantoin), and all other reagents were obtained from Sigma-Aldrich
Chimie SARL (L’Isle d’Abeau Chesnes, France).

Cell line. The Caco-2/TC7 clone (9), established from the cultured human
colonic adenocarcinoma parental Caco-2 cell line, which spontaneously differ-
entiates in culture (59), was used. Cells were routinely grown in Dulbecco’s
modified Eagle’s medium (25 mM glucose) (Life Technologies, Cergy, France),
supplemented with 15% heat-inactivated (30 min, 56°C) fetal calf serum (Boehr-
inger, Mannheim, Germany) and 1% nonessential amino acids (Life Technolo-
gies) as previously described (2). Cells were seeded in 24-well Corning tissue
culture plates (Corning Glass Works, Corning, N.Y.) at a concentration of 2.5 3
104 cells per well. For maintenance purposes, cells were passaged weekly using
0.02% trypsin in Ca21- and Mg21-free phosphate-buffered saline (PBS) contain-
ing 3 mM EDTA. Experiments and maintenance of the cells were carried out at
37°C in a 10% CO2–90% air atmosphere. The culture medium was changed
daily. Cells were used at postconfluence after 15 days of culture (fully differen-
tiated cells) for the infection assay.

Bacterial strains. The clinical isolates E. coli C1845, harboring the fimbrial
F1845 adhesin (4), and IH11128, harboring the Dr hemagglutinin (51), were
grown at 37°C for 18 h on Luria agar.

Mutant strains carrying the pCC90 plasmid in which point mutations in draE
were created by site-directed mutagenesis were used (8). E. coli DH5a(pCC90)
carries the plasmid encoding the Dr hemagglutinin. For the mutant strains,
threonine-90 is replaced by methionine (pCC90-T90M), isoleucine-113 is re-
placed by threonine (pCC90-I113T), aspartic acid-54 (Asp-54) is replaced by
valine (pCC90-D54V), Asp-54 is replaced by tyrosine (pCC90-D54Y), Asp-54 is
replaced by glycine (pCC90-D54G), and Asp-54 is replaced by cysteine (pCC90-
D54C).

Cell infection. The method used for DAEC infection of cultured cells has been
described previously (2). Briefly, Caco-2/TC7 monolayers were washed twice
with PBS. Infecting E. coli were suspended in the culture medium, and a total of
0.5 ml (108 CFU/well) of this suspension was added to each well of the tissue
culture plate. The plates were incubated at 37°C in 10% CO2–90% air for 3 h.
The monolayers were then washed three times with sterile PBS.

Quantification of E. coli binding. Quantitative binding assays of E. coli onto
cultured cells were conducted with metabolically labeled bacteria. E. coli was
radiolabeled by the addition of [14C]acetic acid (Amersham; 94 mCi/mmol; 100
mCi per 10-ml tube) in Luria broth, as previously reported (2). The cell mono-
layers were infected with radiolabeled bacteria (108 CFU/well, 50,000 to 70,000
cpm) in the presence of 1% mannose to prevent type 1 fimbria-mediated binding
and incubated at 37°C in 10% CO2–90% air for 3 h. The monolayers were then
washed three times with sterile PBS. Adhering bacteria and intestinal cells were
dissolved in a 1 N NaOH solution. The level of bacterial adhesion was evaluated
by liquid scintillation counting. Each adherence assay was conducted in triplicate
with three successive cell passages.

Measurement of cell integrity. In each experiment, the integrity of the con-
fluent polarized monolayers was checked by measuring transepithelial mem-
brane resistance (TER) with a volt-ohmmeter (Millicel ERS; Millipore). More-
over, cell integrity in several experiments was determined by measuring lactate
dehydrogenase (LDH) in the culture medium posttreatment (Enzyline LDH kit;
Biomérieux, Dardilly, France).

Electron microscopy. For transmission electron microscopy, cells were rinsed
three times with PBS and fixed with 2.5% glutaraldehyde in 0.1 M sodium
phosphate buffer (pH 7.4) for 30 min at room temperature. After being washed
with PBS, cells were postfixed for 30 min at room temperature with 1.5% osmium
tetroxide in sodium phosphate buffer. Filters were then dehydrated in a graded

ethanol series, cut into strips, and embedded in epoxy resin. Ultrathin sections
were cut from transversely oriented confluent monolayers. Ultrathin sections
were double stained with uranyl acetate and lead citrate and examined with a
Jeol JEM-1010 electron microscope.

Antibodies. Fluorescein isothiocyanate (FITC)-phalloidin-labeled F-actin was
from Molecular Probes Inc. (Eugene, Oreg.). Monoclonal antibody (MAb)
JLA20 against G-actin was from Biovallet (Marne-la-Vallée, France). The poly-
clonal antibodies directed against fimbrin and villin (serum 1.135) were kindly
provided by M. Arpin and S. Robine (Institut Curie, UMR 144, Paris, France).
The rabbit polyclonal antibody directed against actin-depolymerizing factor
(ADF) was kindly provided by J. Bamburg (Colorado State University, Fort
Collins, Colo.). MAbs and polyclonal antibodies directed against a-actinin, tu-
bulin, and cytokeratin 18 were from Sigma (St. Louis, Mo.). The MAbs anti-
human DPPIV antibody (4H3) and anti-human SI antibody (8A9) were a gift
from S. Maroux (ESA 6033 CNRS, Marseille, France) (diluted 1:50 in 0.2%
gelatin–PBS and 1:200 in 0.2% gelatin–PBS, respectively). The MAbs directed
against the fructose transporter GLUT5 and glucose transporter SGLT1 were
kindly provided by E. Brot-Laroche (INSERM, U505, Paris, France) (diluted
1:500 and 1:50 in 0.2% gelatin–PBS, respectively). The appropriate secondary
tetramethyl rhodamine isothiocyanate (TRITC)-conjugated and FITC-conju-
gated antibodies were obtained from Boehringer and Immunoresearch ICN
Laboratory and were diluted 1:20 to 1:200 in 0.2% gelatin–PBS.

Immunofluorescence. Cell monolayers were prepared on glass coverslips,
which were placed in 24-well tissue culture plates (Corning Glass Works).

When G-actin, ADF, a-actinin, fimbrin, villin, and cytokeratin 18 were to be
visualized, coverslips were permeabilized by incubation with 0.2% Triton X-100
in PBS for 4 min, and the coverslips were then rewashed three times with PBS.
Permeabilized cell monolayers were incubated with specific primary antibody
(diluted 1:50 to 1:200 in PBS in 0.2% gelatin–PBS) for 45 min at room temper-
ature, washed, and then incubated with their respective secondary TRITC- or
FITC-conjugated antibody used at a dilution of 1:20 to 1:200 in 0.2% gelatin–
PBS. No fluorescent staining was observed when nonimmune serum was used
and when the primary antibody was omitted.

To visualize F-actin, coverslips were permeabilized by incubation with 0.2%
Triton X-100 in PBS for 4 min at room temperature before incubation with
FITC-phalloidin for 45 min at 22°C. The coverslips were then rewashed three
times with PBS.

The brush border-associated proteins were stained by indirect immunofluo-
rescence labeling. Immunolabeling was conducted without cell permeabilization
in cells fixed with 3% paraformaldehyde for 15 min at room temperature, washed
three times with PBS, and then treated with 50 mM NH4Cl for 10 min (for
aldehyde function saturation). Fixed monolayers were incubated with each spe-
cific primary antibody described above for 45 min at room temperature. After
three washes in PBS, incubation with a FITC- or TRITC-conjugated second
antibody was performed for 45 min at room temperature. No fluorescent staining
was observed when nonimmune serum was used and when the primary antibody
was omitted.

Specimens were mounted in Vectashield mounting medium (Vector Labora-
tory, Burlingame, Calif.). Specimens were examined by epifluorescence using a
Leitz Aristoplan microscope with epifluorescence. Moreover, a confocal analysis
was conducted using a confocal laser scanning microscope (model PCM 2000;
air-cooled argon ion laser 457, 488, and 514 nm; Nikon, Badhoevedorp, The
Netherlands) configured with a Nikon Diaphot 300 microscope using a 1003 Pan
Fluor ELSW DM CF160 objective. Optical sectioning was used to collect 50 en
face images 0.3 to 0.4 mm apart. Lateral views were obtained by integration of
100 images gathered at a step position of 1 on the x-y axis using the accompanying
Nikon E2-2000 software on Windows NT. Photographic images were resized,
organized, and labeled using Adobe Photoshop software (San Jose, Calif.). The
printed images (Kodak XLS 8600 PS; Eastman Kodak Co., Rochester, N.Y.) are
representative of the original data. All photographs were taken on Kodak elec-
tronic imaging paper (Eastman Kodak Co.).

Quantification of rearrangements of brush border-associated proteins. Rela-
tive immunofluorescence intensity was measured with a conventional fluorescent
microscope (model Aristoplan; Leitz) connected to the Image Analyzer Visiolab
1000 (Biocom, Les Ulis, France). Results are expressed as arbitrary units.

To quantify the number of cells presenting F-actin disassembly, images were
acquired from the fluorescent microscope equipped with a charge-coupled de-
vice camera (Sony, Tokyo, Japan) connected to the Image Analyzer Visiolab
1000. Typically, the image was focused on the apical side of the cells. One image
per field including 30 cells was recorded. More than 10 fields per monolayer were
examined, representing examination of 300 to 400 individual cells. F-actin dis-
assembly was scored as previously reported (54) in a blind review of about 20
monolayers resulting from six experiments conducted with successive passages of
Caco-2/TC7 cells. The results are presented as the mean 6 standard error of the
mean (SEM) of the percentage of cells presenting apical F-actin disorganization
relative to the total number of cells.

Enzyme assay. Cells were washed in ice-cold PBS, scraped, suspended in H2O,
and homogenized. Enzyme activities were measured in an enriched membrane
fraction obtained after 1 h of centrifugation of the cell homogenates at 100,000 3
g and 4°C. SI and DPPIV enzyme activities were assayed as previously described
(29). Enzyme specific activity was expressed as milliunits per milligram of pro-
tein. One unit is defined as the amount of enzyme that hydrolyzes 1 mmol of
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substrate per min at 37°C. Proteins were determined by the bicinchoninic acid
assay (Pierce Interchim, Montluçon, France).

Inhibitors. To examine the role of intracellular Ca21 in DAEC C1845-induced
F-actin disassembly, a blocker of Ca21 release from the endoplasmic reticulum,
dantrolene, was used. To chelate the intracellular Ca21, the cell-permeating
Ca21 chelator BAPTA/AM was used. Dantrolene in dimethyl sulfoxide or
BAPTA/AM in methanol-dimethylformamide (50:50, vol/vol) was added to the
culture medium 60 min before infection. All blockers were maintained during the
infection time course (3 h). In a preliminary experiment, we selected for each
inhibitor a range of concentrations showing no change in C1845 binding and
apical F-actin network in noninfected control cells (not shown). Moreover, no
change in cell and monolayer integrities was observed in uninfected cells treated
with inhibitors by measuring LDH release and TER.

Statistics. Data are expressed as the mean 6 SEM of several experiments, with
at least three monolayers from three successive passages of cells per experiment.
Statistical significance was assessed by Student’s t test.

RESULTS

Afa/Dr DAEC infection in Caco-2/TC7 cells is followed by
alteration in the distribution of brush border-associated cy-
toskeletal proteins. We have previously reported that in wild-
type Afa/Dr DAEC C1845-infected Caco-2/TC7 cells, MV in-
juries develop (2). To explain how wild-type Afa/Dr DAEC
C1845 infection promotes this cell injury, we conducted exper-
iments in which distribution of brush border-associated pro-
teins playing a pivotal role in brush border assembly was ex-
amined by either direct or indirect immunofluorescence
labeling (Fig. 1 to 3). Cellular actin exists in two forms within
polarized epithelial cells. A globular pool of monomeric actin

FIG. 1. Distribution of G- and F-actin and ADF in Afa/Dr DAEC C1845-infected cultured human polarized intestinal Caco-2/TC7 cells. Control (A, C, and E) and
DAEC C1845-infected cells (B, D, and F) were stained with anti-G-actin polyclonal antibody (A and B), fluorescein-labeled phalloidin (F-actin labeling) (C and D),
or anti-ADF polyclonal antibody (E and F). En face micrographs of control cells show the homogenous fine labeling of G-actin, F-actin, and ADF characteristic of brush
border-associated proteins. The center regions of several cells seem to be unstained because the apical faces are convex and appear out of the focus. En face
micrographs showing the immunolocalization of G-actin and ADF reveal that the homogenous immunolabeling of proteins is not modified in Afa/Dr DAEC
C1845-infected cells. Immunolocalization of F-actin shows that the homogenous immunolabeling of protein is dramatically modified in Afa/Dr DAEC C1845-infected
cells. Note that both the F-actin and ADF immunolabeling shows lateral concentrations at points of cell-to-cell contact. Magnifications, 3100.
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(G-actin) is distributed diffusely throughout the cytoplasm.
Oligomeric, polymerized, and filamentous actin (F-actin) are
distributed in different cellular domains, including the terminal
web and extending into the core of the MV. We performed an
experiment in which indirect immunofluorescence localized
these different forms of actin, and the analysis was conducted
by confocal laser scanning microscopy (CLSM). En face mi-
crographs focused at the apical domain show that in control
Caco-2/TC7 cells expressing a well-organized brush border,
immunolabeling using an MAb directed against G-actin (62)
gives a diffuse staining pattern underneath the apical domain,
typical of a cytoplasmic distribution (Fig. 1A). No change in
G-actin distribution was found in C1845-infected cells (Fig.
1B). In control Caco-2/TC7 cells, the en face micrograph fo-
cused at the apical domain shows that direct labeling of F-actin
with fluorescein-labeled phalloidin gives homogenous, fine,
and flocculated labeling (Fig. 1C). This F-actin distribution is
consistent with previous F-actin distribution centrally in the
cells representing MV-associated F-actin, observed in clones
or parental Caco-2 cells (11, 55, 57). In C1845-infected cells,
the en face micrograph focused at the apical domain reveals
that the homogenous apical F-actin labeling was dramatically
altered, showing central lucent zones (Fig. 1D). It was noticed
that F-actin disassembly develops as a function of both the
multiplicity of infection and the time postinfection (not
shown).

CLSM analysis was conducted from the apical to the baso-
lateral domains of the cells to better examine the C1845-in-

duced F-actin rearrangements (Fig. 2). In control cells, CLSM
analysis (Fig. 2A) shows that F-actin was essentially localized
at the apical domain and organized in a homogenous band of
3 mm (Fig. 2a). When we examined the distribution of F-actin
in C1845-infected cells, we found that the immunolabeling was
delocalized from the apical domain (Fig. 2B) and that a sig-
nificant enlargement of the band (5.4 mm) was observed (Fig.
2b).

The assembly of the actin cytoskeleton depends upon the
production and activities of a large number of actin-binding
proteins (65). Among the most important of these proteins are
the profilin, thymosin, and ADF/cofilin families, which have
been implicated in regulating actin assembly in a number of
different systems (for a review, see reference 64). ADF is a
member of a 19-kDa family of calcium-independent, pH-sen-
sitive, F-actin-binding/depolymerizing, and G-actin sequester-
ing proteins (27). When examining ADF distribution by indi-
rect immunofluorescence, we found that in control Caco-2/
TC7 cells ADF shows diffuse staining throughout the
cytoplasm of all the cells, consistent with ADF’s being present
in a detergent-soluble pool in brush border-forming cells (62).
We observed no significant obvious change in ADF distribu-
tion in C1845-infected cells (Fig. 1E and F), suggesting that
ADF is not involved in C1845-induced apical F-actin disassem-
bly.

It is well known that cytoskeletal proteins such as villin play
a pivotal role in brush border assembly and organization (for
reviews, see references 28 and 39). The distribution of villin,

FIG. 2. CLSM analysis of F-actin immunolabeling in Afa/Dr DAEC C1845-infected Caco-2/TC7 cells. Confluent differentiated Caco-2/TC7 cells were infected
apically at 37°C in a 10% CO2–90% air atmosphere for 3 h with C1845 bacteria (108 CFU/well). Cells were fixed with 3.5% paraformaldehyde, washed, permeabilized
with Triton X-100, and processed for immunofluorescence labeling as described in Materials and Methods. Fixed and permeabilized cells were processed for direct
immunofluorescence labeling of F-actin with fluorescein-labeled phalloidin as described in Materials and Methods. Cells were examined using a confocal laser scanning
microscope (model PCM 2000; Diaphot 300 microscope using a 1003 Pan Fluor ELSW DM CF160 objective; Nikon). The samples were analyzed by serial optical
horizontal sectioning. The section starts at the basal domain of the cells, and the following analysis was conducted until the apical domain was reached. (A and a)
Control uninfected cells; (B and b) DAEC C1845-infected cells. (A and B) En face micrographs of the immunolocalization of F-actin obtained in CLSM analysis
(horizontal x-y optical sections). In control cells, the majority of F-actin labeling starts on section 3 and afterwards is distributed in six sections (one section every 0.60
mm). In C1845-infected cells, the majority of the F-actin labeling starts on section 5 and afterwards is distributed in 12 sections (one section every 0.50 mm). (a and
b) Lateral views of the immunolocalization of F-actin obtained in CLSM analysis (vertical x-z optical section). In control cells, F-actin labeling is localized at the apical
domain in a homogenous band. In C1845-infected cells, apical F-actin labeling is dramatically modified, showing a disruption in apical labeling and delocalization of
the protein in a nonhomogenous band.
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fimbrin, spectrin, tropomyosin, and a-actinin was compared
between uninfected and wild-type DAEC C1845-infected
Caco-2/TC7 cells by indirect immunofluorescence (Fig. 3).
Staining of both villin and fimbrin in Caco-2/TC7 cells was
essentially localized to the apex of the cells since the fine,
flocculated labeling centrally in the cells was characteristic of
MV-associated proteins (Fig. 3A and C). In wild-type DAEC
C1845-infected cells, there was a dramatic redistribution of
both villin and fimbrin characterized by disappearance of the
homogenous fine labeling and appearance of clumped proteins
(Fig. 3B and D, respectively). This redistribution appears very
different from the above-observed F-actin redistribution in-
duced by wild-type DAEC C1845. When examining the situa-

tion of other brush border-associated cytoskeletal proteins
such as spectrin, tropomyosin, and a-actinin, we found that
their distribution was dramatically altered upon wild-type
DAEC C1845 infection, being characterized again by disap-
pearance of the fine labeling centrally in the cells and the
appearance of randomly distributed small aggregates of
clumped proteins (not shown). In contrast, no obvious abnor-
malities were found in the constitution of the microtubule
network in wild-type C1845-infected Caco-2/TC7 cells (Fig.
3F) compared with microtubule organization in control cells
(Fig. 3E).

Ca21-regulated events play a pivotal role in the assembly,
organization, and maintenance of the brush border (7, 41, 45).

FIG. 3. Distribution of villin, fimbrin, and tubulin in Afa/Dr DAEC C1845-infected human cultured polarized intestinal Caco-2/TC7 cells. Experimental conditions
were as in Fig. 1. Cells were stained with MAbs for antivillin (A and B), antifimbrin (C and D), and antitubulin (E and F). (A, C, and E) Control uninfected cells; (B,
D, and F) DAEC C1845-infected cells. En face micrographs in control cells show the fine and homogenous labeling of villin and fimbrin characteristic of MV-associated
proteins. The center regions of several cells seem to be unstained because the apical faces are convex and appear out of focus. In DAEC C1845-infected cells,
disappearance of the fine and homogenous pattern and appearance of clusters of aggregated villin and fimbrin are observed. No change in tubulin distribution is
observed DAEC C1845-infected cells. Magnifications, 3100.
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Rearrangements in MV-associated F-actin (6, 17, 64) through
a Ca21-dependent mechanism have been reported, and this
phenomenon could be antagonized by a chelator of intracel-
lular Ca21 (6). To document whether the DAEC C1845-in-

duced apical cytoskeleton disassembly could result from Ca21

signaling, we used both a blocker of intracellular Ca21 release,
dantrolene, and a chelator of intracellular Ca21, BAPTA/AM.
We observed that both dantrolene and BAPTA/AM treatment
blocked, identically and dose-dependently, DAEC C1845-in-
duced apical F-actin disassembly (Table 1 and Fig. 4). This
result suggests that a C1845-induced increase in intracellular
calcium is necessary for F-actin disorganization.

The results reported above suggest that infection of Caco-2
cells by the wild-type Afa/Dr DAEC C1845 promotes a dedi-
fferentiation of the apical domain of the polarized intestinal
cells. We further conducted a transmission electron micros-
copy study to examine the morphological organization of the
cells upon DAEC C1845 infection (Fig. 5). The uninfected
Caco-2/TC7 cells are well polarized and display a continuous
brush border composed of well-ordered and dense MV, which
entirely carpet the apical surface (Fig. 5A and B). In contrast,
the wild-type Afa/Dr DAEC C1845-infected Caco-2/TC7 cells
show disappearance of the well-ordered MV. The remaining
apical MV are dispersed (Fig. 5C), and the sparse MV are
shortened but organized (Fig. 5D). It is of interest that despite
the absence of a morphologically distinct brush border, the
infected Caco-2/TC7 cells appeared to maintain the morpho-
logical organization characteristic of polarized epithelial cells
(Fig. 5C). This was confirmed by observation that the cell and
monolayer integrities, examined by measuring LDH release

TABLE 1. Effect of calcium blockers on DAEC C1845-induced
apical F-actin disassembly in Caco-2/TC7 cellsa

Cells
(treatment)

Concn
(mM)

Mean relative
F-actin

immunofluorescence
intensity 6 SEM

Mean % of
cells presenting
apical F-actin
disassembly

6 SEM

Control 2.80 6 0.18 0
Infected 0.32 6 0.09 95 6 5
Infected (BAPTA/AM) 7.5 1.12 6 0.17* 60 6 10*

25 2.30 6 0.19* 25 6 5*
Infected (dantrolene) 100 0.75 6 0.20* 75 6 8*

200 2.65 6 0.35* 15 6 6*

a Apical F-actin distribution was revealed by direct immunofluorescence la-
beling using phalloidin-fluorescein. Relative F-actin immunofluorescence inten-
sity was reported as the mean 6 SEM of arbitrary units measured as described
in Materials and Methods. Results are also presented as the mean (6 SEM)
percentage of cells presenting apical F-actin disorganization relative to the total
number of cells observed (54). Dantrolene and BAPTA/AM were present in the
incubation medium 60 min before and during infection. Statistical analysis com-
paring infected cells with infected-treated cells was performed with a Student t
test. p, significant difference (P , 0.01).

FIG. 4. Distribution of apical F-actin in Afa/Dr DAEC C1845-infected Caco-2/TC7 cells treated with the chelator of intracellular Ca21 BAPTA/AM. Experimental
conditions were as in Fig. 1. En face micrographs of the immunolocalization of apical F-actin in (A) uninfected control cells, (B) uninfected cells treated with
BAPTA/AM (25 mM), (C) DAEC C1845-infected cells, and (D) DAEC C1845-infected cells treated with BAPTA/AM (25 mM). In DAEC C1845-infected cells treated
with BAPTA/AM, the fine, flocculated F-actin labeling centrally in the cells remains present. Note that the adhering bacteria appeared at the cell surface and that
F-actin organizes around the adhering bacteria. Magnifications, 3100.
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and TER, remained unchanged in infected cells. LDH release
in control cells was 29 6 5 U/ml and in infected cells was 29 6
4 U/ml; in H2O-lysed cells it was 4,272 6 61. TER in control
cells and infected cells was 883 6 22 and 869 6 24 V/cm2,
respectively.

Experiments conducted using the uropathogenic wild-type
Afa/Dr DAEC strain IH11128 expressing the Dr hemaggluti-
nin gave identical results (not shown). Taken together, these
results indicate that infection of polarized intestinal cells by
Afa/Dr DAEC is followed by cell injuries which result in a
structural dedifferentiation of the apical domain of the cells.

Effect of point mutations in Dr hemagglutinin on Dr binding
and Dr-induced F-actin disassembly in Caco-2/TC7 cells. Car-
noy and Moseley (8) have recently observed that mutations at
positions 32, 40, 54, 90, and 113 in Dr hemagglutinin cause
different Afa/Dr phenotypes. We further investigated whether
several of these point mutations could affect adhesin binding
and F-actin rearrangements in Caco-2/TC7 cells (Table 2).

Dr1 E. coli DH5a(pCC90), carrying the plasmid encoding
the Dr hemagglutinin, bound efficiently to Caco-2/TC7 cells
and promoted disassembly of apical F-actin. It was noticed that
the DH5a(pCC90)-induced disassembly is less marked than
that observed with the wild-type strain IH11128 expressing
the Dr hemagglutinin. The insertion mutant E. coli BN17
(EC901[pBNJ17::Tn3]) (draE) and the E. coli mutant pCC90-

FIG. 5. Transmission electron microscopy of Afa/Dr DAEC C1845-infected Caco-2/TC7 cells shows the disappearance of the well-developed brush border.
Experimental conditions were as in Fig. 1. (A and B) Transverse sections of the apical domain of uninfected Caco-2/TC7 cells at low and high magnifications,
respectively. The apical domain of the polarized cells is uniformly organized, showing a continuous brush border with well-ordered and dense MV. (C and D) Transverse
sections of the apical domain of Afa/Dr DAEC C1845-infected Caco-2/TC7 cells at low and high magnifications, respectively. The apical domain is rounded, with
randomly distributed sparse and shortened MV. Note that the polarized organization of the infected cells is the same as that of uninfected cells. Low magnification,
32,000; high magnification, 35,000.

TABLE 2. Effect of point mutations within Dr hemagglutinin on
binding and apical F-actin disassembly in Caco-2/TC7 cellsa

Plasmid Bindingb

(mean % 6 SEM)

Apical F-actin disorganization
(mean relative fluorescence

intensity 6 SEM)

pCC90 5.5 6 0.4 95 6 4
pCC90-D54stop 0.7 6 0.2* 0d

BN17 (draE) 0.5 6 0.2* 0d

pCC90-D54V 5.1 6 0.5 96 6 4
pCC90-D54Y 5.5 6 0.2 95 6 5
pCC90-T90M 5.8 6 0.4 93 6 8
pCC90-I113T 5.8 6 0.5 93 6 7
pCC90-D54G 2.0 6 0.3* 15 6 10*
pCC90-D54C 3.6 6 0.5* 5 6 4*

a Statistical analysis comparing pCC90 with the mutants was performed with a
Student t test. p, Significant difference (P , 0.01).

b Percentage of 14C-radiolabeled bacteria bound 6 SEM.
c Apical F-actin organization was revealed by direct immunofluorescence la-

beling using phalloidin-fluorescein. Results are presented as the mean (6 SEM)
percentage of cells presenting apical F-actin disorganization relative to the total
number of cells (54). Relative immunofluorescence intensities: uninfected cells,
2.78 6 0.25; pCC90-infected cells, 0.42 6 0.15; pCC90-D54G, 2.03 6 0.40*;
pCC90-D54C, 2.68 6 0.30* (arbitrary units).

d Although E. coli(pCC90-D54stop) and BN17 (draE) did not adhere to Caco-
2/TC7 cells, isolated adhering E. coli could be observed in randomly distributed
cells without alteration of the apical F-actin network.
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D54stop lost adhesion to Caco-2/TC7 cells. It is interesting that
when examining the randomly distributed Caco-2/TC7 cells to
which a small number of pCC90-D54stop and BN17 E. coli
mutants adhered, we found no alteration of the apical F-actin
network. The mutants pCC90-T90M, pCC90-I113T, pCC90-
D54V, and pCC90-D54Y retained the capacity to bind to
Caco-2/TC7 cells and promoted F-actin disassembly. Mutant
pCC90-D54G lost 64% of the binding to Caco-2/TC7 cells and
entirely lost F-actin disassembly activity. Interestingly, mutant
pCC90-D54C lost only 34% of the binding to Caco-2/TC7 cells,
whereas it entirely lost F-actin disassembly activity.

Afa/Dr DAEC-induced cytoskeleton injuries are accompa-
nied by impairments in functional brush border-associated
proteins. Caco-2/TC7 cells express a brush border endowed
with hydrolases SI and DPPIV (9), the Na1-glucose cotrans-
porter SGLT1 (40), and the fructose transporter GLUT5 (40).
We examined the impact of infection by the wild-type strain
C1845 on the distribution of these brush border-associated
functional proteins by indirect immunofluorescence labeling.
Specific antibodies were applied to fixed and nonpermeabi-
lized cells, allowing us to detect functional proteins present
within the apical cell membrane.

To better examine the rearrangement in SI distribution
upon C1845 infection, a CLSM analysis was performed. Con-
sistent with the known insertion of SI in the brush border
membrane of epithelial cells of the small intestine and with its
status as an apical marker of fully differentiated brush border
cells (26, 56), examination of SI immunolabeling (Fig. 6 and
Table 3) in control Caco-2/TC7 cells shows that the expression
of SI was localized at the apical surface of the cells. Indeed,

CLSM analysis shows that SI distributes in a homogenous band
of 1.8 mm (Fig. 6A and a). In C1845-infected cells, CLSM
analysis reveals that SI distribution is profoundly disorganized
(Fig. 6). SI immunolabeling was nonhomogenous showing
large lucent zones and a significant enlargement of the band

FIG. 6. CLSM analysis of SI immunolabeling in Afa/Dr DAEC C1845-infected Caco-2/TC7 cells shows a dramatic rearrangement of the brush border-associated
hydrolase. Experimental conditions were as in Fig. 1. Cells were fixed with 3.5% paraformaldehyde, washed, and processed for indirect immunofluorescence labeling
of SI as described in Materials and Methods. Cells were examined using a confocal laser scanning microscope (model PCM 2000; Nikon). The samples were analyzed
by serial optical horizontal sectioning starting at the basal domain of the cells and following up to the apical domain. (A and a) Control uninfected cells; (B and b) DAEC
C1845-infected cells. (A and B) En face micrographs of the immunolocalization of SI obtained in CLSM analysis (horizontal x-y optical sections). In control cells, the
majority of the SI labeling starts on section 1 and afterwards is distributed in six successive sections (one section every 0.30 mm). In C1845-infected cells, the majority
of the SI labeling starts on section 1 and afterwards is distributed in 11 sections (one section every 0.30 mm). (a and b) Lateral views of the immunolocalization of SI
obtained in CLSM analysis (vertical x-z optical section). In control cells, SI labeling is restricted at the apical domain in a homogenous band. In C1845-infected cells,
a profound rearrangement of the cell distribution of the brush border-associated hydrolase is observed. SI immunolabeling is dramatically modified, showing a
disruption in its apical localization and the appearance of a nonhomogenous band, suggesting cytoplasmic redistribution.

TABLE 3. Effect of infection by wild-type Afa/Dr DAEC strains
C1845 and IH11128 on apical distribution and enzyme activity of

brush border-associated hydrolasesa

Enzyme Cells
Mean relative

immunofluorescence
intensity 6 SEM

Mean enzyme
sp act (mU/mg

of protein) 6 SD
(% inhibition)

SI Controls 2.78 6 0.32 135 6 10
C1845 infected 0.40 6 0.14* 35 6 15** (74)
IH11128 infected 0.55 6 0.20* 50 6 20** (63)

DPPIV Controls 1.80 6 0.25 172 6 7
C1845 infected 1.25 6 0.15* 124 6 6* (28)
IH11128 infected 1.30 6 0.10* 123 6 12* (28)

a Apical SI and DPPIV distribution was observed by indirect immunolabeling
as described in Materials and Methods. Relative immunofluorescence intensity is
reported as the mean 6 SEM (arbitrary units). SI and DPPIV enzyme activities
were determined on the total membrane fraction from control and infected (3 h
postinfection) cells as described in Materials and Methods. Results are means 6
standard deviation for five independent experiments conducted with successive
cell passages. Percent inhibition of enzyme activity in infected cells calculated
relative to enzyme activity in control cells is shown in parentheses. Statistical
analysis comparing infected with control cells was performed with a Student t
test. Significant difference: p, P , 0.05; pp, P , 0.01.
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when SI was present (band of 3.3 mm) (Fig. 6A and b). When
we examined the distribution of DPPIV in C1845-infected
cells, we found an identical disorganization of its apical distri-
bution (Table 3).

Examination of the apical distribution of fructose GLUT5
and glucose SGLT1 transporters was conducted (Fig. 7). In
control Caco-2/TC7 cells, examination of GLUT5 and SGLT1
immunolabeling reveals the typical mosaic pattern of distribu-
tion of MV-associated functional proteins (Fig. 7A and C,
respectively). This distribution results from the presence of a
nonhomogenous organization of MV at the apical surface of
the cells, i.e., cells with well-ordered MV and cells with dense
and packed MV (55, 57). Moreover, the mosaic pattern results
from the fact that the level of brush border-associated func-
tional protein expression could vary from one cell to another
(56). When the cells were infected by the Afa/Dr DAEC strain
C1845, the mosaic pattern of GLUT5 and SGLT1 distribution
disappeared (Fig. 7B and D, respectively). Large lucent zones
centrally in the cells and clumped proteins were observed. In
parallel, an intense labeling with a honeycomb-like organiza-
tion localized at the cell-to-cell contact appeared.

The above results showing that apical distribution of SI and
DPPIV is rearranged upon C1845 infection leads to the ques-
tion of how the enzyme activity of these hydrolases evolves. In

order to document this point, we determined the enzyme ac-
tivity of SI and DPPIV in control and infected cells. Activity
was measured only in a cell homogenate, since hydrolases in
Caco-2 cells were not distributed between different cellular
compartments but were mainly associated with the brush bor-
der (68). Infection of the cells by strain C1845 results in a
dramatic decrease in SI enzyme activity and a lesser decrease
in DPPIV enzyme activity (Table 3). A similar decrease in SI
and DPPIV enzyme activities was observed in experiments
conducted using the uropathogenic wild-type Afa/Dr DAEC
strain IH11128 (Table 3).

DISCUSSION

Taken together, the results presented above indicated that
infection of polarized intestinal cells by members of the Afa/Dr
DAEC family is followed by cell injuries which result in struc-
tural and functional dedifferentiation of the apical domain of
the cells. Many enteroadherent and enteroinvasive pathogens
target the cytoskeleton in polarized epithelial cells, promoting
development of diarrhea (for reviews, see references 47 and
63). Among the mechanisms by which a bacterial pathogen
may colonize and disrupt intestinal function to cause malab-
sorption or diarrhea is bacterial attachment followed by local-

FIG. 7. Distribution of carbohydrate transporters GLUT5 and SGLT1 on Caco-2/TC7 cells infected by the wild-type Afa/Dr DAEC strain C1845. Experimental
conditions were as in Fig. 1. The cells were stained with the appropriate MAbs directed against GLUT5 (A and B) or SGLT1 (C and D). (A and C) Control uninfected
cells; (B and D) DAEC C1845-infected cells. En face micrographs of the immunolocalization of GLUT5 and SGLT1 in control cells (A and C) show the typical mosaic
pattern distribution characteristic of MV-associated functional proteins. In C1845-infected cells (B and D), the mosaic pattern of distribution disappears. Note that
clusters of aggregated proteins were observed centrally in the cells and that lateral concentrated immunolabeling at points of cell-to-cell contact underlined the
honeycomb organization of the cells. Magnifications, 3100.
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ized effacement of the epithelium. The best-demonstrated of
these mechanisms of pathogenicity is that developed by enter-
opathogenic E. coli (EPEC). Contact of EPEC initiates local-
ized adherence to the host cell receptor(s). This prerequisite
event is followed by a complex pathway involving both secreted
bacterial proteins and a complex of host cell signaling mole-
cules necessary for focal actin cytoskeletal rearrangements and
effacement of the MV. We have previously observed that
Afa/Dr DAEC C1845 infection in Caco-2 cells is followed by a
bacterial contact-dependent elongation of MV accompanied
by vesiculation of the tips of MV which remained attached to
the bacteria (2). Vesiculation of intestinal brush border MV
accompanied by breakdown of the actin core bundle has been
observed in the presence of high concentrations of Ca21 (7,
41). In DAEC-infected HeLa cells, an increase in the intracel-
lular Ca21 concentration has been found to result from an
influx of Ca21 from the extracellular medium rather than Ca21

mobilization from intracellular stores (31). Previously (54), we
demonstrated that in Afa/Dr DAEC-infected cultured human
intestinal cells, the induced F-actin disassembly results from
calcium signaling events. It has recently been demonstrated
that F-actin MV disassembly in Caco-2 cells following rotavirus
infection (29) results from a rotavirus-induced increase in the
intracellular concentration of Ca21 (6). A Ca21-induced mech-
anism involving the breakdown of F-actin is known to be me-
diated by Ca21-dependent, actin-severing proteins, of which
villin is available in the proximal tubule cells and absorptive
cells of the small intestine (for reviews, see references 39 and
64). In the present study, our results bring new insights to
explain the mechanism of pathogenicity of the Afa/Dr DAEC
strains which promote a dramatic disappearance of the brush
border accompanied by disorganization of the cytoskeleton
proteins playing a pivotal role in the organization and mainte-
nance of the brush border. When examining apical G- and
F-actin distribution in infected polarized Caco-2/TC7 cells, we
found no change in G-actin distribution, whereas apical F-actin
disappears dramatically. Interestingly, we found that bacterial
infection promotes the disassembly of both villin and fimbrin
into globular forms. In the presence of a high concentration of
Ca21, the severing activity of villin develops (5). Villin medi-
ated a change in the state of actin polymerization and the
spatial arrangement of actin protofilaments modulating the
dynamics of the actin cytoskeleton. In particular, villin, which
bundles, nucleates, caps, and severs actin in a Ca21-dependent
manner in vitro, plays a major role in the organization and
stabilization by lateral interactions of the brush border core
bundle. The pivotal role of villin in MV assembly and brush
border organization has been demonstrated in comprehensive
and elegant studies. Costa de Beauregard et al. (11) have
demonstrated that suppression of villin by antisense mRNA in
Caco-2 cells impairs the formation of the brush border. Ferrary
et al. (17) recently demonstrated that isolated intestinal brush
borders of mice could be disrupted by the addition of Ca21 or
by increasing intracellular Ca21 by serosal carbachol or muco-
sal Ca21 ionophore A23187. To explain these brush border
injuries, the authors suggested that villin could be the major
cytoskeletal protein able to control Ca21-dependent actin frag-
mentation. Interestingly, as we have observed in Afa/Dr
DAEC-infected Caco-2 cells, the Ca21-dependent disruption
of F-actin in mouse brush border small intestine is specifically
observed at the apical domain, since the basolateral F-actin
was unaltered. Moreover, changes in Ca21 in proximal tubule
cells promote alterations of the MV actin cytoskeleton through
a mechanism involving villin-mediated actin cytoskeletal dis-
ruption (64). It is tempting to speculate that the Afa/Dr
DAEC-induced brush border injuries observed here and pre-

viously (2) result from Ca21-dependent villin disassembly,
which would in turn induce disassembly of the apical F-actin.

When examining whether site-directed mutagenesis of the
Dr hemagglutinin affected Afa/Dr DAEC F-actin rearrange-
ments in Caco-2/TC7 cells, we found that when the aspartic
acid residue at position 54 was replaced by cysteine, the mutant
conserved a high capacity of binding but entirely lost the ca-
pacity to disassemble the apical F-actin. Interestingly, this mu-
tant failed to induce the mobilization of CD66 and CD66e
around adhering bacteria (24). Altogether, these results sug-
gest that this point mutation in the Dr adhesin could promote
a failure in adhesin-induced signaling (54) without affecting
binding. The N-terminal 54 amino acids in Afa/Dr adhesins has
been found to be involved in expression of Afa/Dr phenotypes.
Carnoy and Moseley (8) have demonstrated that mutations at
positions 32, 40, 54, 90, and 113 affected type IV collagen
binding and chloramphenicol sensitivity of binding differently,
while they had no effect on mannose-resistant hemagglutina-
tion. Le Bouguenec et al. (35), using strain A30 expressing the
Afa-III adhesin, demonstrated that the aspartic acid residue
located at the position 52 was associated with the chloram-
phenicol-sensitive hemagglutination phenotype.

Polarized cells enable epithelia to exert their most specialized
roles, including absorption and secretion (for a review, see refer-
ence 16). The functionality of polarized epithelial cells depends
on vesicular traffic and on the correct insertion of functional
components in distinct plasma membrane domains. The apical
domain facing the external compartment contains membrane-
associated proteins such as enzymes, transporters, and ions, sup-
porting specialized properties involved in the specific functions of
absorption and secretion (for a review, see reference 39). The
alteration in actin cytoskeleton, which regulates the function of
many membrane-associated components linked within the spe-
cialized domains of epithelial cells, is the basis of disease pro-
cesses (for a review, see reference 36). Our results showed that an
alteration in the distribution of these brush border-associated
functional proteins occurs upon infection by some wild-type
Afa/Dr DAEC strains and was accompanied by a dramatic de-
crease in SI activity. It is tempting to speculate that the decrease
in expression of brush border-associated functional proteins re-
sults from the Afa/Dr DAEC-induced cytoskeleton injuries. In-
deed, cytoskeletal reorganization in polarized intestinal cells has
been found to be accompanied by impairment of distribution of
functional brush border-associated proteins. Stable expression of
antisense villin RNA in Caco-2 cells, which impairs the brush
border, alters expression of the functional intestinal hydrolase SI
(11). The downregulation of cytokeratin 19 in Caco-2 cells re-
sulted in a decrease in the number of MV, disorganization of the
apical but not lateral or basal filamentous actin, and depletion or
redistribution of apical membrane-associated proteins such as SI
and alkaline phosphatase (61). It has been reported that MV
atrophy is a distinct disorder within the syndrome of intractable
diarrhea of infancy (13, 14, 60). Morphologically, there is a loss of
villi, with enterocytes showing scanty, disorganized, and short
MV. These structural injuries were accompanied by substantially
reduced unidirectional absorptive and secretory fluxes of sodium
and chloride, with net secretion of both, a decrease in disaccha-
ridase activities, and abnormal glucose absorption. Our present
and previous observations (2) showing that the Caco-2 cell brush
border is dramatically impaired upon wild-type Afa/Dr DAEC
C1845 infection, suggest that the diarrhea induced by this patho-
gen could result from a deficit in functional brush border-associ-
ated systems controlling the absorption and secretion function.
Epidemiological reports indicated that EPEC and enteroaggre-
gative E. coli strains are a significant cause of protracted diarrhea
in children (for a review, see reference 20). Interestingly, epide-
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miological studies have established a link between DAEC and
persistent diarrheal diseases, mostly in infants older than 24
months (1, 21, 25, 37).

Some Afa/Dr DAEC strains infect the urogenital tract (for a
review, see reference 15). Indeed, the cells lining the urogen-
ital tract express the CD55 molecule, the receptor for Afa/Dr
DAEC (49, 53). Complement-regulatory proteins are involved
in glomerular diseases (46). Consistent with Dr hemagglutinin
binding (48) on functional sites of the complement-regulatory
CD55 molecule (12), it has been postulated that Afa/Dr
DAEC uropathogens lead to immunopathological lesions. In
an experimental mouse model of ascending pyelonephritis,
Nowicki and colleagues (22, 52) recently demonstrated that
infection by the Afa/Dr DAEC strain IH11128 leads to signif-
icant histological changes corresponding to tubulointerstitial
nephritis, including interstitial inflammation, fibrosis, and tu-
bular atrophy. Our results indicated that another mechanism
of pathogenicity could be developed by Afa/Dr DAEC in the
urogenital tract. Indeed, the observation that the uropatho-
genic Afa/Dr DAEC strain IH11128 has the same mechanism
of pathogenicity as the diarrheagenic strain C1845 is of inter-
est. Indeed, there are structural similarities between renal and
intestinal polarized epithelial cells expressing a brush border
and forming an epithelial barrier. Uroepithelial cells expressed
apical MV supporting specialized functions, several of them
being identical to those of intestinal cells. Moreover, villin has
been shown to be an early marker of the proximal tubule cell
lineage (42). Recent reports have found that MV damage in
proximal tubule cells results from Ca21-dependent cytoskele-
ton disruption (43, 44, 64). Considering this and the results
reported here showing that the uropathogenic Afa/Dr DAEC
strain IH11128 rearranges brush border-associated cytoskel-
etal proteins by activation of CD55-associated signaling, it is
tempting to speculate that uropathogenic Afa/Dr DAEC
strains could promote kidney injuries through the induced
cytoskeletal lesions.

In conclusion, our work demonstrates that infection of po-
larized human intestinal cells by Afa/Dr DAEC strains is fol-
lowed by brush border injuries resulting from the Ca21-depen-
dent disassembly of cytoskeletal proteins playing a pivotal role
in brush border assembly. These structural injuries were ac-
companied in turn by a dramatic modification in distribution
and enzyme activity of functional intestinal proteins. Alto-
gether, these results give new insights on the mechanism by
which the Afa/Dr DAEC could promote persistent diarrhea in
children.
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